Complex motions and wide variations in relative surface velocities are likely to be experienced in mechanical systems such as an engine (e.g., piston rings, wrist pins and crankshaft main bearings in a piston type engine). Currently available tribometers use simple motions and often a constant speed. A new tribometer is designed with the capability of three types of motions: (1) unidirectional rotary motion (similar to a conventional pin-on-disk tribometer), (2) reciprocating sliding motion, and (3) complex multi-directional motion that can be achieved when the disk rotates and the pin reciprocates along a linear path. Depending on the pin location with respect to the center of the disk, the reciprocation frequency, and the rotational speed of the disk, a wide range of complex motions are possible. Tribological testing can be performed at contact loads up to 400 N, at speeds up to 80m/s, and temperatures of 600 o C in superheated steam. Due to complex motions, the measurement of friction force becomes challenging. To properly monitor the normal force and the friction force along two orthogonal axes, three force transducers are used. This unique design allows for the determination of tribological performance of advanced materials and coatings under conditions that simulate those encountered in small steam engines currently under development.
INTRODUCTION
Steam technology dating back to the 19 th Century has been effective in both propulsion and power generation systems. They are relatively safe, reliable, and robust; and water is readily available and ecologically sound. As effective as these systems were in early industrialization, their use was limited due to low efficiency and large size. New materials and designs may permit the development of high performance machines that break current molds and open up new applications, such as, terrestrial based portable power generating systems, or even energy harvesting systems, which take advantage of exhaust steam in fuel cell systems.
The most critical first step in characterizing tribological materials under extreme conditions is the design of a tribometer that will give meaningful results. This requires careful integration of end item application requirements (frequencies, motions, temperatures and loads), materials selection, thermal analysis, and system dynamic analysis. The objective of this investigation was to design a unique high-speed hightemperature tribometer that can operate in high-pressure superheated steam and can simulate the complex motions, contact geometry, and environmental conditions of components used for mesoscopic steam engines currently under development.
TRIBOMETER DESIGN TARGETS
Design of the desired tribometer is challenging since the operating parameters are beyond those used in current tribometers. Therefore, a two-step design process was used. First, the MiTi  high-speed high-temperature tribometer (HTP-40) was modified to allow for the use of steam at 100 o C and 1.3 mPa. Once the performance of the new tribometer, designated as HT Steam 100, was verified through tribological tests, the tribometer design was further modified to allow for high-pressure superheated steam and accommodate complex motions.
The high-speed, high-temperature tribometer (HTP-40) has a pin-on-disk configuration and is readily modified to permit ball-on-disk, roller-on-disk or pad-on-disk testing 1 . The tribometer uses a counterbalanced specimen arm holder that can readily accept a wide range of specimens. A maximum spindle run-out of 5 µm has been demonstrated at speeds to 10,000 rpm. The ability to accept test disks of large diameters, permits multi-track testing on a single specimen at surface speeds up to 60 m/s. A double chamber is used to permit testing in a controlled gas environment at elevated temperatures. The outer chamber may be flooded with purge gas such as nitrogen or argon. The inner chamber is a sealed oven capable of bringing the test environment to 750 0 C.
The HTP-40 tribometer was modified to include a steam generator 2 . A steam can, oven support drip cup, and lower drip cup were machined from stainless steel. To account for the water and water vapor in the system, drain lines were added using stainless steel tubing. The tribometer's spindle was drilled for a drain line and a small drip cup was placed under the spindle. A drain line was also installed in the oven support drip cup. The steam generator was attached to the steam can, and the system was sealed with a silicon sealant. Figure 1 shows the overall set-up for the new HT Steam 100 tribometer. For the next generation tribometer, the main technical approach was to design a tribometer that would simulate the actual contact geometry and environmental conditions of components used for the mesoscopic steam engine. A unique high-speed oil-free motor was designed to allow for speeds up to 30,000 rpm, the test chamber was modified to allow for the use of high-pressure steam, and the stationary pin/ball holding fixtures were replaced with a new reciprocating assembly. The HT Steam 600 tribometer can be used to characterize the tribological performance of advanced materials under high speeds up to 80m/s and temperatures of 600 o C in superheated steam. A wide range of complex motions is achieved by varying the disk rotational speed, the pin location with respect to the center of the disk and the frequency of reciprocation. A software was developed to model the possible ranges of complex motion and it can be used to control the operating parameters to obtain any desired complex motion that would simulate the actual contact of engine components. Several examples of possible complex motions are shown in Figure 2 . A nearly circular pin trajectory is obtained when a small reciprocating amplitude of 0.17 cm is used with a disk speed of 3,000 rpm and a reciprocating frequency of 100 Hz. However, the trajectory becomes elliptical if the amplitude is increased to 0.64 cm. The trajectory becomes entirely different when the disk rotational speed is decreased to 60 rpm and a smaller reciprocating frequency of 5 Hz is used along with an amplitude of 1.3 cm. Since the dynamic characteristics of tribometers and test specimens influence the measured tribological performance 3, 4 , the tribometer is designed to be less sensitive to dynamically induced errors. This is achieved by complete dynamic and thermal analysis of the tribometer and reducing, as much as possible, the run-out during tribological tests. Tribological test results obtained with the new tribometer are used to confirm the accuracy of the tribometer with respect to the measurement of both friction and wear rate of several high-temperature tribomaterial combinations.
